Abstract
INTRODUCTION

21
There is a lack of worldwide consensus on the evaluation of the contribution of the externally 
41
In the case of U-shaped or side-bonded configurations, the FRP may debond before reaching its 42 ultimate capacity. Then, the ductility of beams failing in this mode is usually limited (Chen and Teng 
63
The original contribution of the present work is the consideration of debonding failure mechanism 64 of FRP in a FEM based on fiber beam approach. This achievement is important due to its simplicity 65 and computational speed to be applied at true scale structural analysis, making it an attractive tool for 66 practical engineering.
67
DEBONDING FAILURE CRITERIA OF FRP IN SHEAR STRENGTHENING
68
As previously mentioned, U-shaped and side-bonded configurations of FRP usually fail due to 69 debonding after the formation of a critical shear crack (Pellegrino and Modena, 2006 
80
The debonding failure approach implemented in the present model is that proposed by Oller et al. 
where: bL = FRP width; tL = FRP thickness; EL = laminate modulus of elasticity; LM = maximum shear 90 stress at the interface given by Eq. (4); GF = fracture energy or energy by unit area necessary to 91 separate the laminate from the support given by Eq. (5). Units are in N and mm
where fcm = mean value of concrete compressive strength; fctm = mean value of concrete tensile strength; CLM = constant that ranges between 0.37 and 
179
Numerical modelling
180
The FE mesh used in the numerical simulation is represented in 
186
The material properties of concrete and FRP considered in the model are listed in Table 1 
192
For the beam with U-shaped configuration (U90), the parameters related to the debonding failure 193 criteria (LM, GF and tL) were determined as function of fcm as shown in 
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Results and discussion
198
The experimental and numerical shear force vs. deflection at mid span are compared in Fig Table 2 . When this value exceeds the maximum stress allowed to be transferred, 211 max,deb, the debonding mechanism occurs, setting the FRP area of the cross section to zero. From this 212 point forward, this FRP element ceases its contribution to the structural response. For all the U-shaped 213 strengthened beams, the model predicts failure right after debonding occurs, being not able to 214 redistribute the forces; this is consistent with the experimental observations (Alzate 2012 (Fig. 11a) , the FRP sheets continue to carry load until failure of the FRP; i.e., the load 241 carrying capacity of the FRP is not limited by the loss of bond. In these graphs, the yielding of stirrups 242 instant is also marked; it can be noticed that, before this point, FRP and steel stresses are similar; after 243 yielding, steel cannot increase the load carrying capacity and hence, the FRP increases their stresses 244 significantly. This is observed in both cases, in wrapped and U-shaped configurations.
245
The computed strains and stresses of the transverse reinforcement (inner steel stirrups and EB 
254
The strains (Fig. 12) and stresses (Fig. 13) 
261
The same presentation of results, strains (Fig. 14) and stresses (Fig. 15) (Fig. 14a and 14b) ; and how the FRP ceases to contribute to shear resistance 266 mechanism at the moment and after occurrence of peeling (Fig. 15b) . 
298
299
The experimental curves of load vs. displacements are compared with the computed results in Fig.   300 18 for the two tests. The different ductility on the behavior of these two specimens under increasing 301 load can be observed: BS4 was not limited by a reduced shear capacity and reached its bending higher load levels. It is observed that for the peak load in BS5, FRP strains were near the ultimate 312 value; and the tensile stresses are far from the maximum debonding limit (see Table 2 ). 
397
The model can be used as a tool to study the effects of different strengthening solutions 398 (configurations, quantities, spacing and thicknesses of FRP) to increase the shear capacity of beams.
399
The computational and modelling simplicity makes it suitable to real scale practical applications.
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